By analyzing the variations of global electron content (GEC) during geomagnetic storm events, the ratio "GEC/GEC QT " is found to be closely correlated with geomagnetic Kp index and time weighted Dst index, where GEC QT is the quiet time reference value. Moreover, the GEC/GEC QT will decrease with the increase of the solar flux F10.7 index. Furthermore, we construct a linear model for storm-time response of GEC. Eighty-two storm events during 1999-2011 were utilized to calculate the model coefficients, and the performance of the model was tested using data of 8 storm events in 2012 by comparing the outputs of the model with the observed GEC values. Results suggest that the model can capture the characteristics of the GEC variation in response to magnetic storms. The component describing the solar activity influence shows a counteracting effect with the geomagnetic activity component; and the influence of Kp index causes an increase of GEC, while the time weighted Dst index causes a decrease of GEC.
INTRODUCTION
Ionosphere, the Earth's upper atmosphere, is a part containing atoms that have been ionized by radiation from the Sun. It will show different behavior with the change of solar activity and input of magnetosphere energy (FullerRowell et al. 1994 , Forbes et al. 2000 , Afraimovich et al. 2006a Stankov et al. 2006 , Trichtchenko et al. 2007 , Liu et al. 2011 . The investigation of the inherent characteristics and rules of variations in ionosphere is important to the field of ionospheric physics and the correction of electromagnetic wave refraction.
During magnetic storms, the energy input of geomagnetic activity causes enhanced electric fields, currents, and energetic particle precipitation. The state of ionosphere will change greatly (Buonsanto 1999 , Tsagouri et al. 2000 , Prölss 2006 , Gulyaeva and Stanislawska 2008 . Many researchers studied the morphology of ionosphere during geomagnetic storms, and have constructed some models to describe the response pattern. Araujo-Pradere and Fuller-Rowell (2000) developed an empirical formula to account for the summer hemisphere mid-latitude ionospheric response as a definition of the time history of the previous 30 hours of the TIROS/NOAA power index (or Ap index) weighted by a filter. Araujo-Pradere et al. (2002) established an empirical model of a perturbed ionosphere (STORM) to predict F-layer critical frequency (foF2) utilizing the integral of the Ap index over the previous 33 hours weighted by a filter obtained by the method of singular value decomposition; the model coefficients change with different seasons and latitudes. Wang et al. (2008) adapted a linear model of Dst index to present the characteristic of ionospheric foF2 responses to geomagnetic activities in different seasons and under different levels of solar activity. Pietrella and Perrone (2008) put forward a local model to predict foF2 measured in Rome; time weighted Ap index is the input parameter in the study. Tsagouri and Belehaki (2008) examined the ionospheric foF2 response at middle-to-high and middle-to-low latitudes in each local time sector modeled by a 6th degree polynomial function. Berdermann et al. (2012) studied the vertical total electron content (TEC) prediction method during geomagnetic disturbances over Europe with a model considering storm level, onset time, and local time. All the results of related researches prove the dependence of the ionosphere parameters on the season, latitude and local time.
In recent years, with the benefit of global monitoring of Global Positioning System (GPS), numerous researches have introduced global or regional averaged ionospheric TEC parameters to study the climatology variation of ionosphere. The principal advantage of these parameters is that they can capture the overall ionospheric features and greatly depress local noises in the ionosphere , Liu et al. 2009 ). Xu et al. (2008) exam-ined the relationship between ionosphere and the tropospheric circulation around the Qinghai-Tibet Plateau using a mean TEC over East Asia. Liu et al. (2009) compared averaged TEC over low-, middle-, and high-latitude ranges to get the characteristic under different solar activities and seasons. Lean et al. (2011) utilized the global daily averaged TEC to analyze the influence of solar activity, geomagnetic activity, and the periodic variation of the ionosphere. TEC is described with a linear model, accounting simultaneously for the influences of solar and geomagnetic activity, oscillations at four frequencies and a secular trend. In Lean et al. (2011) 's study, previous 1 day Ap index is used to present the geomagnetic activity. In order to compare influence of different impact factors in different latitudes, Li et al. (2013) analyzed the daily averaged TEC over different latitudes along meridian 115°E, and it was shown in Li et al. (2013) that the time series model in consideration of the geomagnetic activity Ap index can reflect the response of daily averaged TEC to magnetic disturbance with variation characteristics. Bergeot et al. (2013) analyzed the time series of regional averaged TEC over different latitude (TDM-TEC), considered to be able to change 19.6 ± 15.0% during the magnetic storm. Afraimovich et al. (2006b) firstly introduced the concept of global electron content (GEC), which is equal to the total numbers of electrons in the near-Earth space and could present the average variation of the global ionosphere for climatological analysis. Afraimovich et al. (2008) researched the variation of GEC during solar cycle 23; the results showed that the GEC dynamics followed similar variations in the solar UV irradiance and F10.7 index, including the 11-year cycle and 27-day variations. She et al. (2008) calculated equivalent GEC from GPS TEC data along the geographic longitude 120°E and investigated the relationship between the equivalent GEC and solar F10.7 index. The results suggested that the equivalent GEC mainly depends on solar activity and the seasonal variations. Furthermore, the magnitude of semiannual variation is a little greater than that of annual variation. Gulyaeva and Veselovsky (2012) developed an analytical model of twophase GEC storm profile in terms of the peak DGEC departures from the quiet reference and time of the storm in progress. The results showed that the GEC takes the proper place as a proxy of the global parameter for the plasmasphere-ionosphere segment of the Earth's space environment. Using the GEC parameter, researcher can get an overall rule and characteristic of global ionosphere without considering the local time and season influence. By now, the dependence of GEC on solar activity has been studied in detail; however, the response and variation of GEC due to the magnetic storm remains a subject for in-depth investigation.
For the present study, we chose to investigate the characteristic of global ionosphere during geomagnetic storm using GEC values during 90 storm events in the years from 1999 to 2012 (Appendix). An empirical linear model was developed and its performance evaluated in this article. The influence of different factors on the modelled GEC was also investigated and presented in this paper.
DATA
International GNSS Service (IGS) uses ground-based GNSS observations to routinely generate ionosphere TEC data through IONEX formatted global ionosphere maps (GIMs), which are available through the website ftp:// cddisa.gsfc.nasa.gov/pub/gps/products/ionex/. The TEC values are given in GIM cells with 2-hour resolution. The size of a GIM cell is 5° along the longitude and 2.5° along the latitude. Ionospheric GEC G is calculated by summation of TEC values in each GIM cell multiplied by the GIM cell area over all GIM cells (Afraimovich et al. 2006b ). The unit of GEC is GECU; 1 GECU = 10 32 electrons.
where i, j are the indices of the GIM cell; I i, j is the vertical TEC value over the GIM cell, the unit of TEC is TECU, and 1 TECU = 1.0 × 10 16 electrons·m í2 ; S i, j is the area of the GIM cell, it can be written as 2 , ǻ sin sin ǻ ,
where ǻĳ is the variation range in latitude, ș j is the longitude, ǻș is the variation range in longitude; R E is the radius of ionosphere shell, to which we set here a value of 6771.004 km . The instantaneous variation in GEC due to the storm can be reflected by index R GEC , which is defined as the ratio of GEC observation and the GEC reference value at quiet time GEC QT as follows
The value of GEC QT can be chosen as the median value or average value of GEC during several days with quiet geomagnetic activity (Zhao et al. 2007 (Zhao et al. , 2008 Liu et al. 2009 , Stankov et al. 2010 , Berdermann et al. 2012 . Ratio value R GEC has no unit, so it is convenient to compare the GEC variation under different levels of geomagnetic storm and solar activity. In this study, we chose 6 quiet days' smoothed average GEC as the quiet time reference value GEC QT . A quiet day is judged by the geomagnetic Kp index with the condition 0 = < Kp < 3.0.
The well-known indices Kp and Dst were chosen to represent the geomagnetic activity in this study (The Dst index data is available at http://wdc. kugi.kyoto-u.ac.jp, and the Kp index data is available at http://www.ngdc. noaa.gov/stp/GEOMAG/Kp_ap.html). Kp index has 3-hour bins of time, Dst index has 1-hour bins, and GEC has 2-hour bins. In this study, we selected the 2-hour interval Kp and Dst indice values at the same hour with GEC data for analysis, assuming that the Kp index is the same during the 3-hour period. Furthermore, the time weighted geomagnetic index is also used in this study. Wrenn (1987) first introduced the time weighted geomagnetic index. Researches proved that it can reflect the accumulated influence of geomagnetic activity in history (Wu and Wilkinson 1995, Perrone et al. 2001) . For a given geomagnetic index ī, time weighted index ī(Ĳ) is defined as
where geomagnetic index ī may be Kp, Dst or Ap index, etc.; time delay Ĳ can be given as a fraction between 0.7 and 0.95. The larger the value Ĳ is, the stronger the dependence of ī(Ĳ) on the history information will be. The time weighted value ī(Ĳ) is the comprehensive influence of previous geomagnetic indices over a period, such as 24 or 48 hours. At the certain time t 0 , the geomagnetic is ī 0 , and the ī -1 and ī -2 are the first and second previous values. Based on the interplanetary magnetic field (IMF) observations, we determined the onset time of every storm event during the period of 1999 to 2012. The variations of IMF are considered the triggering point of a storm event. As discussed by Tsagouri and Belehaki (2008) , the conditions to judge a storm event included: (i) the IMF-B should record either a rapid increase denoted by time derivative values greater than 3.8 nT/h or absolute values greater than 13 nT; (ii) the IMF-Bz component should be southward directed either simultaneously or a few hours later (e.g., 6 h); and (iii) the event ends when Bz is turned northward (Bz > -1 nT). The IMF observations are available at http://omniweb.gsfc.nasa.gov.
MODELING AND ANALYSIS OF GEC RESPONSE TO MAGNETIC STORMS

Behavior of ionosphere GEC in response to geomagnetic storm
Referring to the variation of IMF, 90 storm events during the period of 1999-2012 were determined in this paper. Figure 1 shows the numbers of storm events in different years and seasons. mum phase of the solar cycle. From Fig. 1 we can see that the occurrence rate of storm events is proportional to solar activity, and intense and big storm events taking place in the autumn season of the Northern Hemisphere have a big proportion. The correlation coefficient of R GEC and different geomagnetic indices in every storm event were calculated in the study; the geomagnetic indices include Kp, Dst, and Ap index as well as their corresponding time weighted values Kp(Ĳ), Dst(Ĳ), and Ap(Ĳ). All the combinations of time delay Ĳ and time span of history information are compared respectively, where Ĳ is chosen from 0.7, 0.75, …, 0.95, the time span is chosen from the previous 24 or 48 hours. Results show that R GEC is closely correlated with Dst(Ĳ = 0.95) considering previous 24 hours information, then is the geomagnetic Kp index. The study of Wu and Wilkinson (1995) indicated that Ĳ can be selected from 0.9 to 0.95 when calculating Dst(Ĳ) to present the influence of earlier geomagnetic activity. Figure 2a shows the correlation coefficients of R GEC and the two geomagnetic indices. In addition, the correlation coefficient of R GEC and Kp will always be high when the correlation coefficient of R GEC and Dst(Ĳ = 0.95) is relatively low, which can be seen in Fig. 2b . The time weighted geomagnetic index Dst(Ĳ = 0.95) presents the accumulated influence of geomagnetic activity for a period of previous 24 hours, while the Kp index reflects the current 3-hour activity level. In general, the correlation coefficients of R GEC and Dst(Ĳ = 0.95) are large on the event of long disturbance geomagnetic storm. However, the correlation coefficient of R GEC and Kp index will be large if the geomagnetic activity recovers to quiet level soon after the storm onset. Therefore, it is necessary to consider the geomagnetic Kp index together with the time weighted Dst(Ĳ = 0.95) index to examine the GEC response to geomagnetic storm. Average patterns in the GEC behavior during the 90 storm events were deduced, with the results shown in Fig. 3 . Three-day R GEC values which include data one day before storm onset, and two days after the storm onset were under consideration. As the GEC is calculated with the 2-hour resolution TEC values from GIMs, the amount of R GEC values here is 36. After the storm onset, the R GEC starts to increase, and shortly after the peak, R GEC decreases to a negative minimum value, and then slowly recovers again until approaching the quiet time value of 1. Variation and behavior of R GEC clearly show the evolution of the positive phase and negative phase compared to the quiet time. In the study by Stankov et al. (2010) , the storm-time behaviour of TEC also shows the evolution of both the positive and negative phases, in comparison with the quiet-time behaviour, with amplitudes tending to increase during more intense storms.
Besides, we compared the R GEC values with different solar F10.7 index level. It was found that the variation range of R GEC will decrease with the increase of the solar F10.7 index, which can be seen from Fig. 4 . Regarding this situation, some studies modeled the ionospheric parameter in different groups according to different F10.7 level (Pietrella and Perrone 2008) . In this article, we take the solar F10.7 index into account in the GEC response model. 
Empirical response model of ionospheric GEC to geomagnetic storm
In this article, for a given time t, R GEC (t), the ratio of GEC and the reference value of quiet time GEC QT , is expressed by a linear function of geomagnetic activity and solar activity as follows
where c 0 is a constant, F 1 (t) is the component related to geomagnetic activity, and F 2 (t) is the component considering the solar activity level together with geomagnetic activity. F 1 (t) is defined as 
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where c i is the coefficient of the model, i = 6, 7, …, 10; f 10.7 (t) is the solar radiation flux F10.7 index on that day. Based on the quiet time reference value GEC QT and the value of R GEC from Eq. 5, we can calculate the ionospheric GEC at time t.
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The coefficients of the model were calculated by the least squares method. Here, 82 storm events in the years from 1999 to 2011 were used to calculate the coefficients. Figure 5 shows the scatter plot of the observed GEC and the modeled results; we can see the agreement of the two time series. Figure 6 shows the histogram of the residuals of the modeled results; the statistical error clearly exhibits a normal distribution. We therefore conclude that the constructed model is possible to represent GEC variation in case of storm event.
The GEC data during 8 storm events in 2012 were utilized to test the performance of the model. The results are shown in Fig. 7 . It is to be noted that these data have not been used in the determination of the model coefficients. From Fig. 7 we can see the variation of observed and the fitted results of GEC during a period of 3 days, namely one day before and two days after the storm onset. The correlation coefficient R is between 0.59 and 0.89, and the fitted standard deviation ı is between 0.05 and 0.08 GECU. Using the empirical model, we can estimate the GEC variation during storms. The empirical model of the GEC response to geomagnetic storms is not related to the exact time of the storm onset, hence the accuracy of the time of storm onset will not affect the GEC result. We determined the time of storm onset in this study aiming to get a better statistical analysis of the rule and pattern of GEC response to the storm event. There are many different meth- ods to determine the time of storm onset, except for the method based on the IMF observations change in this study. For example, the change of Dst index is used as a criterion in many researches (Stankov et al. 2010 , Berdermann et al. 2012 . However, for many storm events, the time of onset determined by different methods differs greatly. So an empirical model which does not include the factor of time after storm onset will prevent the problem with the error of determination of storm onset.
Influence of different factors on GEC variation in response to geomagnetic storm
The constructed linear model was utilized to assess to what degree the variability may be attributed to various sources. Firstly, we defined two components of GEC variation. One is the influence of geomagnetic activity as F GEO (t), and the other is the integrity influence of geomagnetic and solar activity as F SOL (t), namely,
Secondly, for the two geomagnetic activity indexes, Kp and Dst(t), we defined influence of Kp index as F Kp , the influence of time weighted Dst(Ĳ) index as F Dst(ī) , as well as the integrated influence of the two indices as F Kp,Dst(ī) . 
Kp
F c kp t c kp t c kp t c kp t f t GEC t
ª º ¬ ¼ (11) ^2 2 ( ) 3 4 8 9 10.7 QT ( ) ( ) ( ) ( ) ( ) ( ) , Dst Ĳ Ĳ Ĳ Ĳ Ĳ
F c Dst t c Dst t c Dst t c Dst t f t GEC t
Kp Dst Ĳ Ĳ Ĳ QT
F c Kp t Dst t c Kp t Dst t f t GEC t
(13) Figure 8 shows the influence of geomagnetic activity F GEO (t) and the integrated influence of geomagnetic and solar activity F SOL (t), respectively. From Fig. 8a , we can see that the influence of geomagnetic activity has appeared before the storm onset. F GEO (t) illustrates the evolution of the positive phase and negative phase in GEC. Compared with the decreased value of negative phase, the increase of GEC is relatively greater. The values of F SOL (t) shown in Fig. 8b are always opposite. If F GEO (t) is a relatively larger positive value, F SOL (t) will be a greater negative value. So the F SOL (t) has a counteractive effect on the component of geomagnetic activity. Figure 9 shows the extent and the variation of three components: the influence of geomagnetic Kp index F Kp , the influence of time weighted Dst(Ĳ) index F Dst(ī) , and the integrated influence of the two factors F Kp,Dst(ī) . From (b) , and the integrated influence F Kp,Dst(ī) (c) . The number of storm events is the same as the one in Fig. 7 . The bold line denotes the time of storm onset. Dst(ī) and F Kp,Dst(ī) may be positive. We can conclude that the current geomagnetic activity presented by Kp index will cause positive increase of ionosphere GEC. Several hours after storm onset, the Kp index will recover to a lower level, and then the accumulated geomagnetic activity effect presented by Dst(Ĳ) will cause the negative decrease of the GEC value. In Gulyaeva and Veselovsky (2012) , the negative phase of GEC storm is found to occur synchronously with the decrease of the solar wind velocity and the outset of recovery of the Dst index and AE index. From the results of our researches it follows that the recovery of the Dst index is also closely related to the occurrence of negative phase of GEC storm. At the time of the recovery of the Dst index, the Kp index will generally decrease to a low value, which causes the positive component of GEC variation to be not significant, and then the negative component will dominate the GEC variation.
CONCLUSION
In this article, we analyzed the state and behavior of ionospheric GEC response to the geomagnetic storm by comparing quiet-time reference GEC value GEC QT with the GEC observables during 90 storm events in the years from 1999 to 2012. An empirical model was constructed and tested to present the variation characteristics of global ionosphere. We concluded that two kinds of geomagnetic indices should be considered in the model. One is the Kp index which will reflect the current geomagnetic activity level, and the other is the time weighted Dst(Ĳ) index which will represent the accumulated influence of the geomagnetic activity in the previous period. Correlation analysis shows that time delay Ĳ and time span should be 0.95 and previous 24 hours, respectively, for calculating Dst(Ĳ). Furthermore, the variation range of R GEC shows a remarkable difference according to solar activity level. Hence, solar F10.7 index was also taken into account in the empirical model.
A linear model was constructed to present the GEC's response to geomagnetic storm activity. Results show that the model can reflect the positive phase and negative phase variation in GEC. Specifically, the component related with Kp index causes positive increase of the GEC, while Dst(Ĳ) will cause negative decrease of GEC several hours after the storm onset. The component related with solar F10.7 index shows a counteractive effect with the component related with geomagnetic activity only.
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